Introduction
============

The development of microinvasive glaucoma surgery (MIGS) devices and procedures has been one of the most important advances in glaucoma surgery during the past two decades. Substantial data with up to 5 years of follow-up have shown that the implantation of a single trabecular micro-bypass stent (iStent^®^ Trabecular Micro-Bypass; Glaukos Corporation, San Clemente, CA, USA) during cataract surgery can safely decrease intraocular pressure (IOP) and medications in patients with mild to moderate open-angle glaucoma (OAG) and cataract.[@b1-opth-11-523]--[@b4-opth-11-523] Implantation of multiple iStent devices during cataract surgery also has shown benefit in patients with OAG not controlled on medical therapy.[@b5-opth-11-523] Furthermore, this stent technology has been associated with fewer complications than those reported with incisional glaucoma surgeries.[@b6-opth-11-523]

The goal of the MIGS Study Group was to evaluate the IOP- and medication-lowering effect of trabecular micro-bypass stent implantation over time in patients with a wide range of OAG severities. A previous study by this Group demonstrated the IOP- and medication-reducing effect of implanting 2 stents in subjects with milder stages of glaucoma.[@b7-opth-11-523] In the present study, we evaluated standalone implantation of 2 stents combined with topical prostaglandin in subjects with more advanced glaucoma severity. In a previous report for this study, standalone implantation of 2 trabecular micro-bypass stents combined with postoperative travoprost safely reduced IOP and medication usage through 18 months in eyes with OAG uncontrolled on 2 ocular hypotensive medications.[@b8-opth-11-523] These data supported the hypothetical synergy of increasing conventional aqueous outflow via trabecular micro-bypass stenting and uveoscleral outflow via a prostaglandin analog. This current report summarizes findings through 3 years postoperatively in this series of 39 eyes. Follow-up is ongoing through 5 years.

Methods
=======

This prospective, single-arm, unmasked study was designed to enroll phakic or pseudophakic subjects with OAG not controlled on 2 preoperative medications. This was defined as medicated IOP of 18--30 mmHg and unmedicated IOP of 22--38 mmHg following medication washout. Patients were required to have a cup:disc (C:D) ratio of ≤0.9, best-corrected visual acuity (BCVA) of 20/100 or better, and normal angle anatomy. The study excluded subjects with uveitic, traumatic, neovascular, or angle-closure glaucoma; glaucoma associated with vascular disorders; and eyes with prior glaucoma surgery (including argon laser trabeculoplasty, or selective laser trabeculoplasty \[SLT\] within 90 days prior to screening). Patients could be included if they had a history of any type of laser iridotomy, or if they had SLT \>90 days prior to screening.

Efficacy and safety criteria included IOP (Goldmann applanation tonometry), BCVA (Early Treatment Diabetic Retinopathy Study criteria), slit lamp biomicroscopy, indirect ophthalmoscopy, C:D ratio, visual field (Swedish Interactive Threshold Algorithm standard 24-2 automated perimetry), pachymetry, medication use, and ocular complications. Post-operatively, patients were evaluated at day 1; week 1; months 1, 3, 6, and 12; and planned for every 6 months thereafter until month 60; outcomes through 3 years are summarized in this report. After measuring the IOP at each annual visit, all medications were stopped for 1 month. The patient then returned 1 month later for a "washout" IOP measurement off medication, prior to resuming the travoprost. Additional ocular hypotensive medication was to be started if postoperative IOP on travoprost exceeded 21 mmHg at any postoperative visit, and/or in the case of concerning visual field or optic nerve findings, as determined by the investigator.

The study was conducted at the S.V. Malayan Ophthalmological Center in Yerevan, Armenia. Surgeries were performed by visiting surgeons from the MIGS Study Group, which includes surgeons and staff from 7 countries. In this specific study, surgeries were performed by the local surgeon (LV) and 5 visiting surgeons from Canada and the United States (IKA, TWS, DFC, EDD, and KDS). Pre- and postoperative examinations were completed by glaucoma-trained ophthalmologists at the eye hospital. All subjects signed an informed consent. The study was conducted per the principles governing clinical research as set in the Declaration of Helsinki (2008) and applicable International Organization for Standardization/good clinical practice guidelines. Ethical approval was obtained from the Armenian Ministry of Health. The registration number for this study is NCT01252888 ([www.ClinicalTrials.gov](http://www.ClinicalTrials.gov)).

Previous publications have described the iStent device and implantation technique.[@b1-opth-11-523],[@b8-opth-11-523]--[@b10-opth-11-523] The titanium iStent is a single-piece, heparin-coated, L-shaped device measuring 1.0 mm in length, 0.33 mm in height, and possessing a snorkel bore diameter of 120 µm. The stent is implanted using a disposable stainless steel inserter, so that the stent body rests within Schlemm's canal and the snorkel projects into the anterior chamber. The stent is designed to create an aqueous bypass channel through the trabecular meshwork directly into Schlemm's canal in order to increase aqueous outflow. Using the previously described implantation methods, 2 iStents were implanted \~2 hours apart and facing opposite directions in the nasal trabecular meshwork quadrant in each study eye. Following surgery, patients received topical anti-inflammatory medication for 4 weeks and topical antibiotic for 1 week. Topical travoprost was started on the evening of postoperative day 1 and continued throughout the follow-up period except for medication washout evaluations.

Proportional analyses of eyes with IOP reduction of ≥20% with reduction of 1 medication versus baseline unmedicated IOP were performed at 12, 24, and 36 months. The secondary efficacy endpoint was the proportion of patients with IOP ≤18 mmHg with reduction of 1 medication at 12 months, and this same proportional analysis was conducted at months 24 and 36. Analyses of safety included slit lamp and fundus examinations, and recording adverse events and BCVA. For continuous variables such as mean IOP, mean and standard deviation were calculated on available eyes that had not undergone secondary surgical procedures that could affect IOP.

Results
=======

Subject accountability
----------------------

Of the 39 qualified subjects who underwent ab interno implantation of 2 iStent devices with postoperative administration of topical travoprost, 37 subjects have been followed for 3 years. One of the original 39 subjects died before the 24-month examination and 1 subject was lost to follow-up (left the country) prior to the 36-month examination. [Figure 1](#f1-opth-11-523){ref-type="fig"} shows a flowchart of subject accountability through 3 years of follow-up. Demographic and preoperative parameters were summarized previously in the 18-month report.[@b8-opth-11-523]

IOP and medication use
----------------------

At 3 years postoperative, 97% of eyes had achieved an IOP reduction of ≥20% with reduction of 1 medication compared to their unmedicated baseline IOP ([Figure 2](#f2-opth-11-523){ref-type="fig"}). Compared to their screening preoperative IOP on 2 medications, 88% of eyes had achieved IOP reduction of ≥20% with reduction of 1 medication. Eighty-six percent of eyes had achieved IOP ≤18 mmHg at 3 years with reduction of 1 medication ([Figure 3](#f3-opth-11-523){ref-type="fig"}). [Figure 4](#f4-opth-11-523){ref-type="fig"} shows the mean IOP over time through 37 months after stent implantation. At 36 months, mean medicated IOP had decreased to 14.0±2.6 mmHg on 1 medication versus 22.4±2.3 mmHg on 2 medications pre-operatively. At 37 months, mean unmedicated IOP (after medication washout) was 17.7±1.7 mmHg compared to the preoperative washout mean IOP of 25.3±1.9 mmHg.

Additional therapy to manage IOP
--------------------------------

The study protocol mandated that additional ocular hypotensive medication be started if postoperative IOP on travoprost exceeded 21 mmHg at any postoperative visit, or in the case of concerning visual field or optic nerve findings, as determined by the examining ophthalmologist. Three eyes required additional therapy over the 3-year follow-up period. One subject presented with IOP of 23 mmHg at the 24-month examination and underwent a trabeculectomy shortly thereafter. This subject's IOP at 3 years was 13.7 mmHg. Two subjects were prescribed additional medication following the 36-month examination for IOP deemed to be too high by the ophthalmologist for their individual disease (18 mmHg in the first subject and 20 mmHg in the second subject).

Safety
------

All enrolled subjects underwent successful implantation of 2 iStent devices, and no intraoperative adverse events occurred. A total of 13 postoperative adverse events were reported among 10 different subjects. Two subjects had transient hypotony at day 1 which resolved by week 1; 1 of these subjects also had fluctuating BCVA during follow-up and BCVA loss \>1 line at month 36 due to preexisting visual field loss involving fixation. Five subjects had progression of preexisting cataracts causing at least 1 line of BCVA loss. Four of these 5 patients underwent cataract surgery. One subject had BCVA loss \>1 line at month 3 due to malaise/insomnia which resolved by the next visit. The subject who required a trabeculectomy (as previously described) had BCVA loss \>1 line post-trabeculectomy; month 36 BCVA was 20/100. Unrelated to the study procedure, 1 subject developed a herpetic corneal ulcer and subsequent scar which caused BCVA loss \>1 line (to 20/50) at month 37. No serious or device-related adverse events occurred. The mean C:D ratio, visual field mean deviation, and central corneal thickness remained stable over the 37-month follow-up period ([Table 1](#t1-opth-11-523){ref-type="table"}).

Discussion
==========

Over the past decade, numerous studies of MIGS with trabecular micro-bypass stents have documented IOP and medication reduction either in conjunction with cataract surgery[@b1-opth-11-523]--[@b5-opth-11-523] or as a sole procedure.[@b7-opth-11-523]--[@b8-opth-11-523] The earlier report on subjects in this prospective, single-arm, unmasked study found substantial reduction in IOP and medication with a favorable safety profile through 18 months.[@b8-opth-11-523] The present report confirms that this efficacy is maintained through 36 months postoperatively.

The long-term data through month 36 show sustained IOP and medication reduction in all but 3 subjects that required additional therapy. Mean medicated IOP on 1 medication had decreased by 8.4 mmHg from the preoperative IOP on 2 medications. Ninety-seven percent of eyes had achieved an IOP reduction ≥20% from baseline with reduction of 1 medication, and 86% of eyes had IOP ≤18 mmHg with reduction of 1 medication. This substantial IOP reduction in the majority of study eyes may reflect a sustained synergy between increased conventional outflow via the implanted stents and increased uveoscleral outflow via a prostaglandin medication. The reduction in number of medications is clinically important because patient compliance has been shown to decrease significantly with multiple versus single medications.[@b11-opth-11-523] The observed 30% reduction in medication-free IOP achieved at 37 months provides an estimate of the isolated effect of the MIGS procedure alone. In light of the well-documented problems with medication compliance in general,[@b12-opth-11-523],[@b13-opth-11-523] this suggests that even if medication doses are omitted, the independent effect of 2 iStent devices is substantial. Such a method of IOP reduction that is independent of patient compliance would be expected to provide more consistent IOP control over time.

Favorable safety was maintained over the 3 years of follow-up, with no intraoperative or device-related adverse events. Only 1 eye required additional surgical intervention (trabeculectomy) because of glaucoma. There were no postoperative device-specific complications such as inflammation or stent occlusion. Subject accountability was excellent through 3 years, with only 1 subject lost to follow-up.

We acknowledge several shortcomings of this study. The sample size was limited (n=39), 100% of patients were Caucasian, and diurnal IOP was not measured. Clinicians and subjects were not masked to treatment, and there was no control group. Subjects' lens status was not graded in a uniform manner preoperatively, and there were no standardized indications for performing cataract surgery during the postoperative period. Given that this study was performed at a single site, it was not possible to assess site-specific influences on study outcomes. Finally, this report presents postoperative data through 3 years and even longer follow-up is desirable.

Nevertheless, 3-year data from this study provide a valuable measurement of the IOP- and medication-lowering effects of 2 iStent devices implanted as a standalone procedure together with postoperative prostaglandin medication. Because of its Food and Drug Administration indication, most US clinical experience with the iStent has been in conjunction with phacoemulsification. Because cataract surgery alone can lower IOP, the effect of the MIGS procedure is therefore difficult to isolate in these eyes. The pre- and postoperative medication washout assessments in this study provide a direct estimation of the IOP-lowering effect of 2 iStents, independent of medication use, treatment compliance, or cataract extraction. The substantial decrease in IOP, together with the safety profile and reduction in number of medications over at least a 3-year time frame, suggests that standalone implantation of multiple iStents may be a reasonable alternative to prescribing maximal medical therapy in patients with moderate glaucoma.

The sponsor, Glaukos Corporation, San Clemente, CA, USA, provided study devices, sponsorship for performing this study, data collection, data management, data analysis, and editorial assistance in the preparation of this manuscript.
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![Subject flowchart through 37-month follow-up period.\
**Abbreviation:** LTFU, lost to follow-up.](opth-11-523Fig1){#f1-opth-11-523}

![IOP reduction ≥20% versus baseline IOP with reduction of 1 medication.^a^\
**Note:** ^a^Excludes IOP after secondary surgery.\
**Abbreviation:** IOP, intraocular pressure.](opth-11-523Fig2){#f2-opth-11-523}

![IOP ≤18 mmHg with reduction of 1 medication.^a^\
**Note:** ^a^Excludes IOP after secondary surgery.\
**Abbreviation:** IOP, intraocular pressure.](opth-11-523Fig3){#f3-opth-11-523}

![Mean IOP over time.^a^\
**Notes:** ^a^Excludes IOP after secondary surgery. ^b^IOP measured after medication washout. ^c^Trabeculectomy for 1 subject at 24 months. ^d^Two subjects not included in analysis had second medication added at 36 months.\
**Abbreviations:** IOP, intraocular pressure; SD, standard deviation; M, month.](opth-11-523Fig4){#f4-opth-11-523}

###### 

Screening and annual postoperative mean C:D ratio, visual field, and central corneal thickness, available eyes at each visit

  Ocular parameter                     Screening, N=39   Month 12, N=39   Month 24, N=38   Month 36, N=37
  ------------------------------------ ----------------- ---------------- ---------------- ----------------
  C:D ratio, mean (SD)                 0.7 (0.1)         0.7 (0.1)        0.7 (0.1)        0.7 (0.1)
  VF--mean deviation (dB), mean (SD)   −6.4 (6.9)        −5.9 (7.1)       −5.2 (7.1)       −5.2 (6.8)
  VF--pattern SD (dB), mean (SD)       3.0 (1.9)         2.1 (2.5)        3.1 (2.5)        2.5 (2.3)
  Corneal thickness (µm), mean (SD)    540.9 (40.3)      541.1 (41.1)     543.3 (40.3)     543.3 (40.9)

**Abbreviations:** C:D, cup:disc; SD, standard deviation; VF, visual field.
